Mycobacterium abscessus, which consists of the two subspecies M. abscessus subspecies abscessus and M. abscessus subspecies bolletii, can produce rough or smooth colony morphologies. Here we analyzed 50 M. abscessus isolates cultured from the respiratory specimens of 34 patients, 28 (82%) of whom had cystic fibrosis (CF), with respect to their colony morphologies and antibiotic susceptibilities. The overall proportions of occurrences of the two morphotypes were similar, with specimens from 50% of the patients showing a rough and 38% showing a smooth morphotype. A total of 12% of the specimens from the patients showed both morphotypes simultaneously. At the subspecies level, the proportions of rough and smooth morphotypes differed substantially; 88% of rough morphotypes belonged to M. abscessus subspecies abscessus, and 85% of smooth morphotypes belonged M. abscessus subspecies bolletii. Inducible clarithromycin resistance due to the Erm(41) methylase, as well as high-level resistance to clarithromycin due to mutations within the rrl gene, occurred independently of the morphotype. The MIC 50 s of amikacin and cefoxitin were identical for the two morphotypes, whereas the MIC 50 s of tigecycline were 0.25 g/ml for the rough morphotype and 2.0 g/ml for the smooth morphotype. Our results show that the smooth morphotype was more dominant in respiratory specimens from CF patients than previously thought. With respect to resistance, colony morphology did not affect the susceptibility of Mycobacterium abscessus to the first-line antibiotics clarithromycin, amikacin, and cefoxitin.
T he genus Mycobacterium contains more than 100 different species which belong either to the Mycobacterium tuberculosis complex or to the large group of nontuberculous mycobacteria (NTMs). M. abscessus is an NTM, and clinical studies have begun to shed light on its epidemiology. M. abscessus is involved in soft tissue infections and is a dominant respiratory pathogen in patients with cystic fibrosis (CF). It is the second-most-common NTM species isolated from CF patients in the United States and the most common NTM species isolated from CF patients in Europe (1) (2) (3) (4) (5) (6) . Fatal infections with M. abscessus have been reported, especially after lung transplantation (7) . M. abscessus has been subdivided in type I and type II, which, together with Mycobacterium chelonae, share identical 16S rRNA genes but show differences within the hsp65 gene (8, 9) . Based on multilocus sequence analysis of hsp65, rpoB, secA, and the 16S-23S internal transcribed spacer (ITS) region, M. abscessus was further subdivided into three species, M. abscessus (sensu stricto), M. bolletii, and M. massiliense (10, 11) . Recently, uniting M. bolletii and M. massiliense as M. abscessus subspecies bolletii (the former type II) and separating that subspecies from M. abscessus subspecies abscessus (the former type I) have been proposed (12) .
M. abscessus colonies on agar plates grow with either a rough or a smooth morphology (13, 14) . M. abscessus can show cord formation when visualized microscopically (15) . Production of a glycopeptidolipid (GPL) masks the cord-forming structures of the mycobacterial cell wall. Macroscopically, cord-forming M. abscessus grows with the rough morphotype, and non-cord-forming, GPL-producing M. abscessus grows with the smooth morphotype (14) . The presence of GPL is associated with lesser virulence. A rough clinical isolate persisted in the lungs of experimentally infected mice and disseminated into the spleen, whereas a smooth isolate was cleared from the lungs within 3 weeks (16) . An isogenic mutant of M. abscessus that lacked GPL production lost biofilm formation but gained the ability to replicate inside macrophages, stimulate Toll-like receptor 2, and induce cytokine production (17, 18) . It has also been suggested that the rough morphotype is more virulent in humans (19) .
In a previous study looking at the epidemiology of M. abscessus, isolates of 12 rough morphotypes but only 1 smooth morphotype were collected from the respiratory tract of CF patients (13) . At present, it is not known whether clinical isolates of smooth and rough morphotypes of M. abscessus differ in antimicrobial susceptibility. Macrolides such as clarithromycin are first-line antibiotics for treatment of pulmonary disease caused by M. abscessus subspecies bolletii. Due to the presence of the inducible methylase Erm(41) which confers macrolide resistance in M. abscessus subspecies abscessus, rates of response to clarithromycin are lower for this subspecies (20) (21) (22) . Amikacin and cefoxitin are the two other first-line antibiotics for the treatment of M. abscessus (23) . M. abscessus is generally resistant to fluoroquinolones, doxycycline, and minocycline. A newer tetracycline, tigecycline, has shown in vitro activity against M. abscessus (24, 25) , but its role in treatment of disease has yet to be established. In this study, we compared the proportions of the occurrence of rough and smooth morphotypes of M. abscessus isolated from the respiratory tract of 34 patients, 28 of whom had cystic fibrosis, and analyzed the patterns of susceptibility to clarithromycin, amikacin, cefoxitin, and tigecycline of the two morphotypes. room temperature, lysozyme overnight at 37°C, and proteinase K and SDS for 20 h at 55°C (13) . For DNA digestion, we used XbaI. Digestion was performed for approximately 18 h at 37°C. Our protocol consisted of an initial time of 3 s, a final time of 12 s, a run time of 20 h, a temperature of 14°C, voltage at 200 V, an agarose concentration of 1%, and a buffer of 0.5ϫ Tris-borate-EDTA (TBE). Staining was done with ethidium bromide.
DNA sequencing of msp1. Analysis of msp1 was done as previously described (28) . Briefly, the 5= part of the msp1 gene containing a potential CG insertion was amplified. A 5-l volume of the purified chromosomal DNA of both morphotypes from patients P2, P17, P31, and P37 was added as a template to a reaction mix containing 20 mM Tris-HCl (pH 8), 50 mM KCl, 1.5 mM MgCl 2 , 250 M deoxynucleoside triphosphate (dNTPs), 10 pmol of primers 767 (5=_AAAAGGCGACGGATATTCAA_3=) and 768 (5=_GAGTATCGGCGAATCCGTAA_3=), and 2.5 U Taq DNA polymerase (Invitrogen/Life Technologies). A total of 35 PCR cycles were performed under the following conditions: 95°C for 1 min, 52°C for 30 s, and 68°C for 1 min. The purified PCR fragments had a length of about 450 bp, and their nucleotide sequences were analyzed by using a ABI Prism BigDye Terminator cycle sequencing v1.1 ready-reaction kit (Applied Biosystems, Austin, TX) and the 767 primer.
Stability testing of the morphotypes. The original samples collected from patients P2, P17, P31, and P37 were plated on 7H11 agar plates, and single colonies presenting the smooth and rough morphotypes were isolated and subcultured as the next generation on 7H11 agar plates. The subculture of each morphotype was repeated for 12 generations. In addition, frozen stocks of the stabilized morphotypes from patients P2, P17, P31, and P37 were thawed and plated on 7H11 agar plates. The stocks were afterward refrozen at Ϫ20°C. The procedure was repeated for 12 cycles, and the morphotypes were checked for stability.
RESULTS
Detection of rough and smooth morphotypes in clinical specimens. Fig. 1 shows the appearance of rough and smooth morphotypes of M. abscessus. When we recultured frozen stocks from 34 patients, 28 of whom had CF, the specimens from 30 patients had either the rough or the smooth morphotype. Of these, 17 (50%) had a rough morphotype, and 13 (38.2%) had a smooth morphotype. Of the specimens from the 28 CF patients, 14 (50%) showed a rough morphotype, and 13 (46.4%) a smooth morphotype. For four patients (P2, P17, P31, and P37), the cultures from the frozen stocks produced rough and smooth colonies simultaneously (Fig.  2) . From each patient culture, we took a smooth and a rough colony and generated 12 sequential subcultures on 7H11 agar plates. Rough and smooth morphotypes of colonies from two patients (P2 and P17) were stable on the first subculture, from one patient (P37) on the second subculture, and from one patient (P31) on the eighth subculture. Using pulsed-field gel electrophoresis, we found that the rough and smooth morphotypes were indistinguishable in the colonies from each of the four patients (Fig. 2 ). We subjected a stable rough subculture and smooth subculture from each of the four patients to 12 subsequent freeze/ thaw cycles and found that colony morphology did not change. The majority of rough morphotypes belonged to M. abscessus subspecies abscessus, and the majority of smooth morphotypes belonged to M. abscessus subspecies bolletii (Table 1) . From 12 of the 34 patients, a second isolate was available. The range of time lapses between the times of collection of the first and second isolates was 1.3 to 9.4 years. The morphologies of the first and second isolates were identical in 11 patients. One patient showed both morphotypes in his first specimen. The second specimen from the same patient showed only the rough morphotype. Pulsed-field gel elec-trophoresis revealed clonal identity of the first and second isolates for each of the 12 patients.
In a recent publication, the genomes and transcriptomes of smooth and rough variants of three M. abscessus strains (two laboratory strains and one clinical strain from a patient with cystic fibrosis) were compared (28) . The switch from a smooth to a rough morphotype of M. abscessus was associated with the downregulation of the msp1-msp2-gap operon in all three rough variants. This operon encodes two nonribosomal peptide synthases and a glycopetide transport gene. The genome of one rough variant revealed a CG insertion within the 5= part of the msp1, which caused a frameshift, leading to transcriptional arrest of the msp1-msp2-gap operon (28) . We compared the 5= parts of msp1 from the 4 rough and 4 smooth strains that we obtained from the four patients with the mixed morphotypes (P2, P17, P31, and P37; see also Fig. 2) . None of the rough strains carried the CG insertion in the 5= part of msp1, indicating that, at least in these 4 isogenic smooth/rough pairs, the morphotypic switch was not caused by the CG insertion within the msp1 gene.
MICs of clarithromycin in smooth and rough morphotypes. We tested 50 isolates (29 rough and 21 smooth) from 34 patients. A suspension of bacteria grown on agar plates was inoculated into 96 wells, and the MICs for clarithromycin were read on days 5 and 14. The rough and smooth isolates had a MIC 50 of 0.5 g/ml on day 5. By day 14, the rough isolates had a MIC 50 of Ͼ16 g/ml, whereas smooth isolates had a MIC 50 of 1 g/ml, indicating the presence of inducible clarithromycin resistance in rough isolates. Stratification of rough and smooth morphotypes to the subspecies level showed that the inducible clarithromycin resistance occurred more frequently in M. abscessus subspecies abscessus than in M. abscessus subspecies bolleti. By day 14, both the rough and smooth morphotypes of M. abscessus subspecies abscessus had a MIC 50 of Ͼ16 g/ml, whereas rough morphotypes of M. abscessus subspecies bolletii had a MIC 50 of 2 g/ml and smooth morphotypes had a MIC 50 of 1 g/ml. Noninducible, high-level resistance to clarithromycin, which was defined as a MIC Ͼ 16 g/ml on day 5, was detected in 9 of 50 isolates, 5 with a rough and 4 with a smooth morphotype. In all 50 isolates, we sequenced the erm(41) gene, which encodes a methylase that mediates inducible clarithromycin resistance in M. abscessus (20) . A total of 69% of the rough isolates and 19% of the smooth isolates had the wild-type allele ( Table 2) . A total of 31% of the rough morphotypes and 81% of the smooth morphotypes had either a 276-bp deletion or a single nucleotide polymorphism at position 28 (T¡C) of erm(41) ( Table 2 ). Both mutations lead to the loss of the inducible clarithromycin resistance (20, 21) .
Bastian and colleagues showed that the T¡C mutation within the erm(41) gene occurs only in M. abscessus subspecies abscessus and that the 276-bp deletion occurs only in M. abscessus subspecies bolletii (21) . They also found that 77% of M. abscessus subspecies abscessus isolates and 41% of M. abscessus subspecies bolletii isolates had the wild-type erm(41) gene. Thus, we stratified the genotypic analysis of the erm(41) gene of the 50 clinical isolates from this study according to the two subspecies of M. abscessus. A total of 75% of M. abscessus subspecies abscessus isolates and 13.6% of M. abscessus subspecies bolletii isolates carried the wildtype erm(41) gene (Table 3 ). The 276-bp deletion was exclusively present in M. abscessus subspecies bolletii, whereas the T¡C mutation was exclusively present in M. abscessus subspecies abscessus (Table 3) .
Mutations at positions 2058 and 2059 of the rrl gene, which causes high-level resistance to clarithromycin (29) , were present in all 9 strains with an antibiotic MIC Ͼ 16 g/ml on day 5 ( Table  2) . Of these 9 isolates, those from four patients (P2, P3, P6, and P14) were second isolates; three of those four patients (P2, P3, and P14) had a corresponding first isolate without high-level clarithromycin resistance (Table 4) , suggesting development of highlevel resistance to clarithromycin in vivo. Interestingly, 2 of the 9 strains with high-level resistance had a functional erm(41) gene, showing the presence of both inducible and high-level resistance to clarithromycin.
MICs of amikacin in smooth and rough morphotypes. In M. abscessus, the MIC 50 of amikacin was 16 g/ml and did not differ between the rough and smooth morphotypes. Of 50 isolates, 8 (4 with a rough morphotype and 4 with a smooth morphotype) showed high-level resistance to amikacin, as defined by a MIC Ն 64 g/ml. Of the 8 isolates, 4 (those from patients P2, P3, P4, and P6) were second isolates; three of those four patients (P2, P3, and P4) had a corresponding first isolate without high-level aminoglycoside resistance (Table 3) , suggesting development of high-level resistance to aminoglycoside in vivo. A total of 7 strains with an antibiotic MIC Ն 64 g/ml had a single nucleotide polymorphism at position 1408 (A¡G) of the rrs gene, which had been shown to mediate high-level aminoglycoside resistance in M. abscessus (27) .
MICs of cefoxitin, doxycycline, minocycline, and tigecycline. Besides clarithromycin and amikacin, cefoxitin is frequently used for treatment of M. abscessus infection. For cefoxitin, we found a MIC 50 of 64 g/ml and a MIC 90 of 128 g/ml that did not differ between the rough and smooth morphotypes of M. abscessus. We also tested tetracyclines such as doxycycline, minocycline, and tigecycline. Doxycycline and minocycline had a MIC 50 and MIC 90 
FIG 2
Colony morphology of the primary subculture and results of pulsed-field gel electrophoresis of rough and smooth strains from the four patients (P2, P17, P31, and P37) that produced a mixed phenotype. Subcultures from primary specimens that had been kept as frozen stocks were recultured on 7H11 agar at 37°C, and photos were taken. Two patients (P2 and P17) had predominantly rough morphotypes, and two patients (P31 and P37) had predominantly smooth morphotypes. From each patient, one smooth colony and one rough colony were subcultured until the morphotypes remained stable before genomic DNA was prepared, XbaI digested, and separated by pulsed-field gel electrophoresis. The gel photo shows a comparison of the smooth (s) and rough (r) morphotypes from each of the four patients (P2, P17, P31, and P37). M, molecular marker; ATCC, M. abscessus ATCC 19977 type strain.
above 8 g/ml both in rough and in smooth morphotypes. In contrast, MICs were lower for tigecycline and differed between the rough isolates, which had a tigecycline MIC 50 of 0.25 g/ml and a MIC 90 of 1 g/ml, and the smooth isolates, which had a tigecycline MIC 50 of 2 g/ml and a MIC 90 Ͼ 4 g/ml.
DISCUSSION
In this study, we investigated the prevalences and antibiotic susceptibilities of rough and smooth morphotypes in respiratory specimens from 34 patients, most of whom had cystic fibrosis. Even though isolates with rough morphotypes occurred more frequently than those with smooth morphotypes (50% versus 38%), our results show that the rough morphotype was less dominant in respiratory specimens from CF patients than previously thought.
The proportions found in a study in South Korea were 61% for rough and 28% for smooth morphotypes (30) . A study in Sweden found 12 rough isolates but only 1 smooth isolate in the respiratory tract of CF patients (13). Looking at the subspecies level, the proportions of smooth morphotypes in this present study were low (15%) in M. abscessus subspecies abscessus and high (85%) in M. abscessus subspecies bolletii. This differs from the proportions found in the South Korea population, where the prevalences of smooth morphotypes were low (27% and 28%) for both subspecies (30) . Even though the population sizes studied so far are still small, there appears to be no clear dominance of either morphotype in a given population or between the two subspecies. Together, these findings suggest that the distribution of M. abscessus subspecies with rough and smooth colony morphologies within the respiratory tract of affected patients shows regional diversity and that, at least in CF patients, it is not confined to one of the two distinct subspecies of M. abscessus. In rough and smooth morphotypes, we did not find a difference in MIC 50 (16 g/ml for both morphotypes) for amikacin. In patients with cystic fibrosis, mucoid morphotypes of Pseudomonas aeruginosa form biofilm and show resistance to a wide range of antibiotics (31) . Initially, it was thought that the extracelluar matrix (alginate) produced by mucoid strains acts as a physical barrier to antibiotics. However, it later became evident that the broad range of antibiotic resistances of Pseudomonas aeruginosa isolates in CF patients is due to so-called hypermutators that assemble classic resistance mechanisms such as target mutations (32, 33) . Nonetheless, treatment with alginate lysis of mucoid isolates of Pseudomonas aeruginosa enhances susceptibility to tobramycin, indicating that, at least for aminoglycosides, alginate acts as a physical barrier (34) . Our study suggest that the glycopeptidolipid of M. abscessus has no immediate effect on the antimicrobial action of amikacin.
Inducible clarithromycin resistance was higher in rough than in smooth morphotypes. Loss of inducible clarithromycin resistance is caused by a deletion or a nucleotide polymorphism within erm(41) (20, 21) . The deletion is absent in M. abscessus subspecies abscessus and is frequently present in M. abscessus subspecies bolletii (21) . In this study, 88% of the rough morphotypes belonged to M. abscessus subspecies abscessus and 85% of the smooth morphotypes belonged to M. abscessus subspecies bolletii. Thus, differences in the proportions of inducible clarithromycin resistance between smooth and rough isolates are the result of a higher proportion of M. abscessus subspecies abscessus among rough isolates and of M. abscessus subspecies bolletii among smooth isolates. It is noteworthy that we found 2 isolates which had a 23S rRNA mutation at positions 2058 and 2059 despite the presence of the Erm methylase. Acquisition of high-level clarithromycin resistance in the presence of the Erm methylase has been demonstrated in vivo in a recent study, and it has been suggested that a mutation at positions 2058 and 2059 of 23S rRNA provides an advantage that is independent of the presence of a functional erm(41) gene (35) .
In previous studies of the tetracyclines, only tigecycline had been shown to be effective against M. abscessus in vitro. Wallace and colleagues reported MICs of Ͼ64 g/ml for minocycline and a MIC 50 ϭ 0.12 g/ml for tigecycline (24) . Another study reported a MIC 50 of 0.5 g/ml for tigecycline and a MIC 50 of 32 g/ml for doxycycline (25) . Our results suggest that, for further evaluations of the efficacy of tigecycline for the treatment of M. abscessus, the testing of the morphotype should be included. At present, we have no mechanistic explanation as to why tigecycline shows higher MICs in smooth than in rough morphotypes. It is unclear whether glycopeptidolipids directly interfere with the drug. In summary, we found no difference in susceptibility to the two first-line antibiotics amikacin and cefoxitin between rough and smooth morphotypes of Mycobacterium abscessus strains that were isolated from CF patients. The higher rate of inducible resistance to clarithromycin in rough morphotypes was due to a higher prevalence of Mycobacterium abscessus subspecies abscessus in this group, which carries an inducible methylase that mediates clarithromycin resistance. Therefore, with respect to decisions on antibiotic treatment, we see no immediate benefit in differentiating between the two morphotypes by the clinical laboratory. Based on this and previous work, with respect to diagnostics in clinical microbiology, we discuss the following. It might be useful to further differentiate M. abscessus strains to obtain more information about differences in epidemiology and virulence between the two subspecies. Differentiation can be achieved by analysis of hsp65 gene polymorphism (8, 9) . Subspecies differentiation could also serve as a surrogate marker for inducible clarithromycin resistance. Yet it should be stressed that in strains isolated from CF patients in this study, a subgroup of M. abscessus subspecies bolletii (13.6%; see Table 2 ) had a functional erm(41) gene and a subgroup of M. abscessus subspecies abscessus lacked a functional erm(41) gene (25%; Table 2 ). Phenotypic testing for antibiotic resistance might be useful for guiding antibiotic treatment. However, except for clarithromycin resistance, the poor correlation between in vitro drug susceptibility results and clinical response to antibiotic treatment is of concern (36) . Unambiguous detection of inducible clarithromycin resistance requires the sequencing of the erm(41) gene (21) . The proportion of strains with high-level resistance to clarithromycin and amikacin was between 10% and 20% in this study; thus, partial sequencing of the 16S rRNA and 23S rRNA genes to detect high-level resistance to clarithromycin and amikacin should be considered based on the individual case. a The first specimen of patient 2 (P2) showed both morphotypes; the second specimen of patient 2 showed only rough morphotypes. MICs for clarithromycin and amikacin are shown for the rough morphotype for the first specimen. The MICs for the smooth morphotype were 0.5 g/ml for clarithromycin and 16 g/ml for amikacin.
